A case study of Bangladesh presents a methodological possibility based on a global approach for assessing river flood risk and its changes considering flood hazard, exposure, basic vulnerability and coping capacity. This study consists of two parts in the issue of flood change: hazard assessment (Part 1) and risk assessment (Part 2). In Part 1, a hazard modeling technology was introduced and applied to the Ganges, Brahmaputra and Meghna (GBM) basin to quantify the change of 50-and 100-year flood hazards in Bangladesh under the present and future climates. Part 2 focuses on estimating nationwide flood risk in terms of affected people and rice crop damage due to a 50-year flood hazard identified in Part 1, and quantifying flood risk changes between the presence and absence of existing water infrastructure (i.e., embankments). To assess flood risk in terms of rice crop damage, rice paddy fields were extracted and flood stage-damage curves were created for maximum risk scenarios as a demonstration of risk change in the present and future climates. The preliminary results in Bangladesh show that a tendency of flood risk change strongly depends on the temporal and spatial dynamics of exposure and vulnerability such as distributed population and effectiveness of water infrastructure, which suggests that the proposed methodology is applicable anywhere in the world.
Introduction
Over the last decades, the number of affected people and the scale of economic damage caused by inland flood disasters have considerably increased. Globally, this trend will likely to continue due to the increase in flood magnitude and the lack of preparedness for extreme events (Bates et al., 2008) . Especially, Asia is disproportionally influenced by the impacts of flood disasters (WWAP, 2009 ). For instance, Kwak et al. (2012) demonstrated that the Asian region would be at a higher flood risk throughout the 21st century than ever before, because more extreme rainfall would lead to increase of flood inundation depth in many areas.
Since the early 21st century, risk reduction of the waterrelated disaster has been globally recognized as a common goal. Starting from the year 2000, eight Millennium Development Goals (MDGs) were declared by 191 nations, and intergovernmental organizations and resolutions were established to address the necessity for practical, policy-neutral risk assessment. Various flood risk assessment methods were proposed, such as the Disaster Risk Index (UNDP, 2004) , the National Disaster Hotspot (World Bank, 2005) , and the Global Risk Data Platform (Peduzzi et al., 2009) . In spite of these great efforts, there is still much room left to improve flood risk assessment as a grand challenge with new technical innovations that can operate effectively even with limited global data. Therefore, many global flood risk assessment methodologies are still lacking a description of actual risk phenomena in developing countries such as Bangladesh, one of the most flood-prone country in the Asian monsoon region.
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Objective
The ultimate goal of this study was to demonstrate a new approach to develop a global flood risk assessment methodology that takes into account not only flood hazard and exposure but also basic vulnerability and coping capacity. The main objective in this study was to estimate temporal and spatial dynamics of nationwide flood risk changes by 50-year maximum flood events over Bangladesh in terms of affected people and damaged rice crop. In addition, we also quantified the effectiveness of water infrastructure, i.e., embankments, in flood risk reduction under climate change.
Approach to flood risk assessment
From the results of flood hazard assessment described in Part 1 of this study, we selected 50-year flood as extreme events based on MRI-AGCM3.2S (SRES A1B scenario) precipitation for the present and future climates simulated with a distributed hydrological Block-wise TOP model (BTOP model: Takeuchi et al., 2008 ) and the GIS-based Flood Inundation Depth (FID) model (Kwak et al., 2012) . Then, nationwide flood risk change between the present and future climates was estimated in terms of flood hazard (inundation area, depth and frequency) and exposure (affected people and agricultural damages).
Study area
The study area is the three major rivers, i.e., Ganges, Brahmaputra and Meghna (GBM) in Bangladesh, which is located at the downstream end of the floodplain delta between Latitude 20-27 • N and Longitude 88-93 • E. The GBM basin area is about 120 400 km 2 , approximately 70 % of the total national land area. Bangladesh faces flood disasters every year due to extreme rainfall and its geographical location. More than 160 million people live in the country, and most of them are directly exposed to floods (BBS, 2011) . The agricultural sector accounts for a major share of 30 % to the gross domestic product and employs about 65 % of the nation's workforce. In Bangladesh, rice crop accounts for 94 % of the total crop production and has a paddy area of about 105 000 km 2 with about 50 % used for Aman rice (BBS, 2011) . The Aman rice plant is the most prone to monsoon floods among the three major rice crops in Bangladesh, i.e., Aus, Aman and Boro, because floods occur regularly during Aman's harvesting season (Fig. 1a) .
Used data
This study used five primary data for calculating affected people and rice crop damage at each grid pixel (approximately 450 m), as listed in Table 1 . First, to simulate inundated areas for hazard assessment, the FID model requires several input data: the maximum daily river discharge from Part 1, the Gumbel distribution with L-moments from the BTOP model, and topographic data (DEM: digital elevation model) acquired from HydroSHEDS (hydrological data and maps based on the SHuttle Elevation Derivatives at multiple Scale) data (Lehner et al., 2008) . Next, flood exposure was calculated in consideration of water infrastructure by combining inundated areas with distributed population data from the LandScan ™ (Budhendra et al., 2007) , and paddy field areas extracted from the Global Land Cover dataset by National Mapping Organizations (GLCNMO2008, Tateishi et al., 2014) . Finally, flood stage-damage curves of rice crop were developed for flood risk calculation over the GBM basin, which were created by local offices (i.e., districts) and crop calendar (WFP, 2010) based on the 2014 household survey of Bangladesh Water Development Board (BWDB, 2014, Fig. 1b ).
Estimating flood risk

Definition of risk
It is essential for the definition of risk to comprehend attributes of the physical realm (hazard and exposure) and the meta-physical realm (basic vulnerability and coping capacity). Physical and meta-physical risk components can be separated according to a flood risk definition (Wisner, 1994; UNISDR, 2004) . Here, the terms of hazard and exposure come from the physical realm, and thus should be effectively measured by physical methods (hydro-topographic models and demographic distribution data) (Peduzzi et al., 2009; Roberts et al., 2009) . Flood risk (FR) was defined as follows:
where H (frequency) is the riverine flood hazard at 50-year return period, E (affected population and agriculture) is the number of people and paddy fields in the flood area, BV (%) is the basic vulnerability, and CC (m) is the coping capacity. This study applied the concept of flood risk (FR) to Bangladesh as a case study. To estimate physical exposure accurately, hazard modeling (Part 1) was reproduced and applied in the GBM basin to quantify the change of 50-and 100-year flood hazard in Bangladesh under the present and future climates. To estimate meta-physical risk components, vulnerability was separated into basic vulnerability and coping capacity. Basic vulnerability conceptually concerns all social factors that increase the risk, but is represented by stage-damage curves in this study (Fig. 1b) . Coping capacity refers to factors of governments' efforts for disaster risk reduction. In order to reduce conceptual ambiguity, water infrastructure (i.e., embankment) is selected as coping capacity in this study.
Flood exposure and risk assessment
Large flood events cause damage risk to human fatality and damage loss, i.e., agricultural damage. Hazard and exposure from the physical realm can be integrated into physical exposure (population and paddy fields in this study area affected by a hazard).
1. Exposure assessment: Exposure was calculated by combining a flood area with a digital distributed population map from the LandScan ™ 2009 data with the focus on estimating changes in affected people considering water infrastructure (i.e., embankment) and natural conditions. Future affected population was estimated based on the present affected population by using Eq. (2) as follows:
where Pop is the affected population at present and in the future in case of an extreme flood of 50-year return period, and r is the population growth ratio (CIESIN, 2013).
2. Flood risk assessment: Flood stage-damage curves of the Aman rice crop were derived from local data collected from farmers in several flood prone regions that suffered from damage in the 2012, 2013 and 2014 floods in the Brahmaputra River basin. The Aman rice crop is transplanted and grows during the June-August period. Its production is greatly affected by monsoon floods, which is a regular event in Bangladesh according to the rice crop calendar (Fig. 1a ). An extreme monsoon flood causes the Aman rice crop significant damage at the transplanting and pre-growing stages. To estimate damage to the Aman rice crop, the paddy field areas were extracted from GLCNMO2008, and maximum damage curve of 15-day was applied based on flood exposure identified in this study.
Results
Preliminary results show that a propensity of extreme flood risk changes strongly depends on the temporal and spatial dynamics of exposure and vulnerability such as distributed population and effectiveness of water infrastructure. Results of the flood exposure and risk assessment are summarized in the following sections.
Physical exposure assessment
(1) Physical exposure assessment: Table 2 shows the changes in potential 50-year flood inundation area and affected people in the GBM basin of Bangladesh between the present and future climates in consideration of water infrastructure effectiveness. Figure 2a shows the difference of FID results in 50-year flood inundation area during the present climate with and without water infrastructure. Collectively, they suggest that water infrastructure should be effective, reducing affected people by 35 % from 64 million without embankments to 42.7 million with embankments. By counting the population in the inundation area with embankments, Table 2 also reveals that the number of affected people may increase from 42.7 million in the present climate to 54.2 million in the future climate, without further improvement of water infrastructure. In Fig. 2b , the black cells show a high-level risk (over 2500 person per km 2 of urban area), and the white cells show a low-level risk or flood free of physical exposure (one person or more affected by flooding) corresponding to the potential flood hazard areas (over 0.1 m of FID) which are protected by embankments.
Physical risk damage calculation
Physical flood damage was calculated and showed the possibility to produce a large-scale map for the estimation of rice crop damage from potential FID and flood stage-damage curves. The output map is presented in Fig. 2c with two different levels of rice crop damage in the 50-year flood during the present climate with and without water infrastructure. By counting the damaged area according to water embankment effectiveness, the area of rice crop damage was estimated to reduce by about 3.4 % in the present climate while it may increase by about 4.6 % in the future climate. In particular, 6 districts, located near the Buramputra River, were predicted to be exposed to more high-risk areas in the future climate than in the present climate.
Conclusions
Although the development of our approach is at the preliminary stage, particularly for flood risk assessment, it has been demonstrated to be promising as a reasonable method for long-term prediction of flood risk changes of the maximum potential flood events. Flood risk assessment was tested for part of the GBM basin in Bangladesh by using FID and depended on simulated flood hazard and exposure modeling. The preliminary results of the physical flood hazard modeling were validated with field survey, observed satellite images and historical data to represent nationwide flood exposure and risk. According to the maximum flood risk scenario, the meta-physical risk changes in terms of potentially affected people and possible damage loss showed a clear relation between water infrastructure effectiveness and climate change impacts over Bangladesh in the present and future climates even model uncertainties. This study also provides a basis for appropriate policy and management decisions by governments and international organizations on the reduction of disaster impacts. The proposed approach shows a methodological possibility for global flood risk assessment. Further research should be carried out on more detailed and evidence-based databases (e.g., sub-basin scale) to identify patterns of various flood disasters.
